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The present thesis contains two different research projects on ballistic impacts. The first project describes 
the research on ballistic impacts of novel foam core sandwich structures. The second project involves an 
introduction to a novel finite element modeling approach to simulate both, large deformation as well as 
small deformation effects using a single formulation with significant accuracy.  
Project I: With the ever increasing need for a material that has a low density and yet high toughness, 
many researchers are working on developing hybrid structures that are primarily derivatives of either 
lattice core sandwiches or foam core sandwiches. Sandwich structures have been used in ballistic 
applications over the past several decades due to their high strength to weight ratio and high rigidity. In 
pursuit of achieving low density and high toughness, researches have been developing variants of PUF 
and PVC polymer foams, although none of these materials were comparable to the impact strength and 
toughness of stochastic closed cell aluminum foam core sandwich structures. This work involved 
qualitative and quantitative analysis of the impact resistance of Aromatic Thermosetting co-Polyester 
(ATSP) foam core sandwich structures as well as ATSP foam core sandwich structures infused with 
3wt% graphene nano-platelets (GNP), as compared against stochastic closed cell aluminum foam core 
sandwich structures at velocities ranging from 240m/s to 540m/s.  The ATSP foam core structures were 
observed to have much lower densities than the aluminum foam core structures and yet performed 
significantly better than the latter at impact velocities ranging between 240-300m/s due to their high 
toughness and impact strength. They exhibited high adhesion strength and unlike the aluminum foam core 
sandwich structure, they did not fail from delamination.  This material can be primarily used in 
applications that require non-conductive materials with extremely high toughness and low density. 
Project II: In regard to numerical ballistics, a myriad of work has been carried out on developing 
constitutive relations to accurately model material behavior on finite element solvers. While one can 
model the low strain rate phenomenon with significant accuracy, material modeling for high strain rate 
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and large deformation problems is extremely challenging as it is drastically influenced by the adiabatic as 
well as pressure-deviatoric effects. Lagrangian, Coupled- Eulerian Lagrangian, Smoothed Particle 
Hydrodynamics and a few other material erosion formulations have been developed to accurately model 
and simulate any structural problem. However, each of these methods have their own advantages and 
disadvantages that limit their domain of application. The Lagrangian method is superior to SPH in 
applications involving small deformations; however, it is much inferior to SPH in application involving 
large deformations. Although SPH can be used to capture large deformations with arguable accuracy, it is 
only effective for simulating localized damages and fails to properly simulate the material behavior in the 
boundary or far field regions. In order to accurately simulate both large as well as small deformations in 
the same model, this project introduced a novel approach (Adaptive SPH approach), wherein only those 
elements of Lagrangian mesh that experienced large deformation, were adaptively converted to SPH 
particles during the course of the simulation. In this work, aluminum 6061 plate targets were modeled 
using Lagrangian, SPH and Adaptive SPH approach and were impacted against aluminum projectiles 
moving at velocities ranging from Mach 1 to Mach 3 on ABAQUS Explicit 6.14. After qualitative and 
quantitative comparison against experimental data, it was observed that the Adaptive SPH model 
simulated the deformation in both, the localized region as well as the boundary region of targets, with 
high accuracy. The accuracy of damage characteristics of the projectile after impact was also validated 
and recorded. Furthermore, the 3 formulations were quantitatively compared against experiments over 5 
different predefined damage criteria. This comparison also led to a conclusion that the results obtained 
from the Adaptive SPH model closely matched with the experimental results over a wide range of damage 
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CHAPTER 1: INTRODUCTION 
1.1. Impact dynamics 
Relevance of structural impact is taking precedence in various applications across different industries 
today. Apart from having emphasis in military applications from several decades, analyzing structures for 
accidental impact protection has laid demand for structural impact specialists over a myriad of domains. 
While the demand for low velocity impact simulation and testing is ever increasing in consumer market 
sectors involving drop tests, shock explosion tests, knife drop tests, etc. on hand held electronic devices, 
ballistic impacts are prevalent with bird strike tests, sand storm impact, accidental or un-accidental bullet 
impacts, protection against micrometeoroids and space debris and likewise. Owing to the complexity of 
the problem itself, bulk of research in this subject has been through experimental analysis, but empirical 
analysis and analytical formulations have been developed since the mid-20th century to model ballistic 
impact and stress wave propagation in isotropic material behavior. Recent studies have also involved 
attempts to analytically model ballistics involving homogenous foam sandwich structures and laminated 
composites. Computational modelling stole the limelight towards the later part of the 20th century, with 
many numerical codes being developed that could handle such high strain non-linear material behavior 
with arguable accuracy, which later on led to further improvement in formulations with the onset of 
erosion and particle hydrodynamics being specifically developed for large deformation and very high 
strain rate simulations. Before delving further into this thesis, it will be helpful to define a few 
terminologies relevant to ballistics.  
 
1.2. Terminologies, characteristics and regimes 
Terminologies relevant to ballistic impacts have been coined and well defined by several authors in 
the past, with emphasis laid to the work by Backman and Goldsmith [1]. The below terminologies and 
definitions have been inspired from Backman and Goldsmith [1] and Zukas [2] which the readers are 
welcome to refer to, for in-depth presentation. 
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According to Zukas [2], projectile is anything that could be launched and target is any body, moving or 
stationary that the projectile strikes. Backman and Goldsmith [1] defines projectile as an object that is 
designed for ballistic performance and target as the structurally independent object whose performance 
has to be impaired by the projectile. Zukas et.al [4] further delineates the difference between penetration 
and perforation and defines penetration as the entrance of projectile into a target without completely 
passing through the target, whereas in perforation, the projectile completely pierces through the target. 
Carucci [3] defines Ballistic Limit (V50) as the velocity required for a projectile to penetrate a particular 
target at least 50% of the time. Table 1 specifies different velocity ranges of projectiles as defined by 
Backman and Goldsmith [1] and Zukas et.al [4] that could be considered for reference and not as absolute 
data. 
Table 1: Definitions of different velocity regimes of projectiles 
Velocity range (m/s) Definition Source 
0-25 Low Velocity domain Freely falling objects 
25-500 Subordnance domain Pneumatic guns 
500-1300 Nominal Ordnance domain Conventional powder guns 
1300-3000 Ultraordnance domain Special purpose guns and 
gas guns 
>3000 Hypervelocity domain  Meteors, light-gas guns, 
shaped chargers  
 
Targets are further classified as follows by Backman and Goldsmith [1]: 
(a) Semi-Infinite: Distal boundary doesn’t influence penetration process 
(b) Thick: The penetration process is affected by distal boundary after substantial penetration into the 
target 
(c) Intermediate: Rear surface influences the process at every stage of penetration 
(d) Thin: Non-existence of stress and deformation gradients throughout its thickness 
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Similarly, Zukas [2] classifies projectiles as soft, semi-hard and hard depending on the material and 
deformation the projectile undergoes during impact. The projectile nose shape further influences ballistics 
drastically, depending on how blunt or sharp it is. Wingrove [5] concluded that if the target thickness to 
projectile diameter is less than one, blunt projectiles penetrates most efficiently, followed by 
hemispherical and ogival projectiles. Also, according to Ipson and Recht [6], blunt projectiles penetrate 
more efficiently than conical projectiles for moderate target thickness, whereas the opposite holds true for 
thin and thick targets. Few other interesting findings include work on multilayered isotropic targets. 
Radin and Goldsmith [7] compared impact resistant behavior of multilayered and monolith aluminum 
targets impact against conical projectiles and concluded that the behavior of multi layered targets were 
inferior to equally thick single layered targets. Furthermore, it has been shown that a hard frontal layer to 
resist indentation backed-up by a tough ductile layer to absorb energy is an efficient method to resist 
ballistic impacts [8,9]. Study by Awerbuch and Bodner [10] on velocity drop of lead bullets when 
impacted obliquely against aluminum targets, at increasing angles of obliquity concluded that there was a 
little change in the velocity drop as the angle was increased to 300, after which velocity drop rose at an 
increased rate.  
 
1.3. Characterization of damage  
Backman and Goldsmith [1] characterized damage as perforating and non-perforating failure modes. 
Non-perforating modes are then classified into bulging and dishing based on the type of transverse 
displacement due to plastic deformation. In bulging, the target conforms to the shape of projectile nose 
after impact and dishing refers to a bending mode where the deformation is extended to considerable 






Figure 1: Mechanism of bulging and dishing [1] 
 
Further study by Backman and Goldsmith [1] on classification of failure modes due to perforation 
concluded with the enlisted modes: fracture due to initial stress wave, radial fracture, spallation, plugging, 
petaling, fragmentation and ductile hole enlargement. Fracture due to initial stress wave would occur in 
weak and low density targets, while radial fracture is found to occur in cases where the tensile strengths 
of samples are inferior to their compressive strengths. Spallation is a tensile failure phenomenon that 
occurs when stress wave due to initial compression is reflected from the distal boundary of the target. 
Plugging is generally observed in cases when a blunt nose projectile is used. This is an adiabatic shearing 
failure mechanism where the heat due to shear deformation is concentrated along an annulus of the 
material, nearly equal to the diameter of the projectile, and weakens the material to set it into motion as a 
cylindrical slug. Petaling occurs due to the high circumferential and radial tensile stresses developed on 
the material due to the shock wave that travels with the projectile.  This is typically due to the onset of 
bending moment of the plate and is accompanies by large plastic flows.  These different modes of failure 




Figure 2: Modes of failure [1] 
 
1.4. Analysis procedures for ballistics 
Studies on ballistics have been approached in three methods – experimental or empirical analysis, 
analytical methods and numerical analysis [4]. Empirical analysis involves quasi analytical methods 
where simple algebraic equations are formulated based on a few correlation analyses with significant 
accuracy which can then be used to guide experiments. These methods are largely to compare material 
behavior against fiducials so as to qualify them for a given problem objective. However, they are not 
favorable in understanding and quantifying the actual material behavior after impact. Post processing 
techniques typically include destructive and non-destructive testing methods. Destructive testing methods 
include slicing the sample to visually analyze and qualify the damage or compression after impact to 
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quantify the residual strength of the material. On the counterpart, non-destructive testing (NDT) involve 
radiography, ultrasound testing, tomography and scanning electron microscopy in order to quantify the 
material based on strains experienced over the target surface. Traditionally, high speed videos of impact 
are captured in order to calculate the residual velocity of the projectile in cases when correlation to 
numerical analyses is necessary.  Most research in impact dynamics incline towards experimental analysis 
owing to the complexity of modeling numerical or analytical counterparts.  
Analytical methods generally begin with a series of simplifying approximations so as to reduce the 
complexity of governing equations and focus on one aspect of the problem statement, be it velocity drop, 
petaling, plugging, etc. These analyses are fundamentally approached through momentum or energy 
balance equations by considering the projectile to be a rigid body, unless deformation of the projectile is 
also a concern. Recent advancements in analytical formylation for foam core sandwich targets was 
pioneered by Naik et al. [11] where energy balance equations were formulated to analyze perforation into 
the top sheet, crushing of foam core and perforation of bottom sheet, as three different stages based on 
stress wave propagation. 
With the advent of finite element (FE) and finite difference (FD) numerical methods to analyze 
Lagrangian and Eulerian methods of motion, solutions to ballistic impact problems can be obtained with 
arguable accuracy depending on how sophisticated the codes are made. Commercially available FE codes 
also address the issues with large deformation in ballistics by introducing Arbitrary Lagrangian-Eulerian 
mesh methods (ALE), Particle Hydrodynamics (SPH) and other mesh-free methods coupled with material 
erosion models, where the improved solution accuracy is often at the expense of computational time and 
resources. Reliability of solutions heavily depends on the accuracy of the material models and boundary 
conditions imparted to the FE codes. The primary advantage of numerical analysis is that one can obtain 
any kind of field output variable at any specified node or element over the geometry of interacting 
objects.  
While the three methods have their own advantages and disadvantages, it is of utmost importance to 
understand the theory behind these formulations in order to comprehend the solution during post 
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processing. Although one can derive output parameters with ease using numerical modeling, it is 



























CHAPTER 2: THESIS STRUCTURE 
This thesis consists of a comprehensive introduction to impact dynamics and applications, a review of 
terminologies, characteristics and regimes in ballistics, damage characterization and analysis procedures.  
References in Section 3 cover the literature cited in Section 1 of the thesis. This is followed by two papers 
that are yet to be published. 
Paper I is titled as “Experimental Ballistics And Comparative Quantification Of Novel Polymer 
Foam Core Sandwich Structures: An Introduction To ATSP Polymer” and seeks to evaluate the impact 
resistance of new polymer foam core sandwich structures, one made of aromatic thermosetting polyester 
(ATSP)  and another made of ATSP reinforced with graphene nano-platelets (GNP) and carry out  
qualitative and quantitative comparison of its properties against conventional aluminum foam core 
sandwich structures. Post processing primarily involves high-speed video to capture impact characteristics 
and radiography to non-destructively obtain deformations after impact. 
Paper II is titled as “Numerical Ballistics Of Aluminum 6061 Plates Using Adaptive SPH 
Modeling Approach” and involves three computational approaches to effectively model ballistic impacts 
on aluminum 6061-T6 plates using ABAQUS Explicit 6.14. The results of the three approaches are 
compared qualitatively and quantitatively based on several criteria. As suggested in the earlier section, the 
numerical FE solutions are validated using experimental methods. This work concludes as to which 
modeling approach would yield most accurate results in regard to damage mechanics. 
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4.1. Abstract 
In regard to protection against ballistic impacts, sandwich structures have always shown promising 
results due to their high rigidity as well as strength to weight ratio. Most popular system involving low 
velocity impacts have utilized axially consistent lattice core structures that provided sufficient strength, 
but proved to be heavier for some applications. Over the years, the focus shifted towards foam core 
sandwich structures mainly due to their high toughness, high impact strength and low weight. Although 
the traditional PUF and PVC polymers had lower weight compared to stochastic aluminum foams, they 
had much lesser toughness and could not be used in ballistic applications. As the need for non-conductive 
and light weight impact resistant structures increased, a significant amount of work was carried out in 
developing hybrid foam core architectures that aimed to perform better than stochastic closed cell 
aluminum foams. In this pursuit, this paper evaluated the impact resistance of Aromatic Thermosetting 
co-Polyester (ATSP) foam core sandwich structures as well as ATSP foam core sandwich structures 
infused with 3wt% graphene nano-platelets (GNP), against stochastic closed cell aluminum foam core 
sandwich structures at velocities ranging from 240m/s to 540m/s.  A qualitative as well as quantitative 
analysis was performed in order to compare the materials. The densities of polymer samples were 
significantly smaller than the aluminum samples. The ATSP as well as ATSP+GNP samples were 
observed to have much higher adhesion strength than the aluminum samples which exhibited 
delamination failure.  Results of quantitative analysis showed that the ATSP sample also exhibited higher 
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toughness and strength than the aluminum sample at impact velocities ranging between 240-300m/s. This 
material - being a major breakthrough in ballistics - can be primarily used in applications that require non-
conductive materials with extremely high toughness and low density. 
 
4.2. Introduction  
Impact resistant structures are desired for many applications, and key among these are high speed 
vehicles, such as aircraft, trains, rockets, and satellites. In 2013, the FAA received 601 reports of wildlife 
strikes that caused damage, and it is estimated that these strikes cost the aviation industry as much as 
$937 million [1]. Even hail strikes can cause serious damage  to aircraft [2]. Many high-speed trains 
suffer from similar issues [3]. Rockets and satellites are also vulnerable to impact events. The failure of 
the Space Shuttle Columbia was due to damage sustained after broken insulating foam impacted the left 
wing [4], and non-functioning space debris is putting the spacecraft at risk [5], [6].  
Normally these challenges would be overcome by employing strong, but heavy materials. 
However, heavy materials reduce efficiency and increase fuel costs when utilized for vehicles. According 
to the Bureau of Transportation statistics, the global community burned more than 16 billion gallons of 
airline fuel at a cost of more than 30 billion dollars in 2015. To put that in perspective, the World Bank 
estimates that more than half the world's countries have a GDP less than 30 billion dollars. 
Clearly, a light-weight structure that provided the same or better impact resistance as heavier 
alternatives would be highly advantageous. Sandwich structures, where a light-weight core is sandwiched 
between two high-strength face-sheets, have demonstrated excellent properties in this regard [7]. 
However, there is still much debate as to the geometric configuration and material constituents used in the 
construction of these structures.  
There are three widely used material systems for the sandwich core. The oldest and most popular 
system is that of axially consistent structure, such as a honeycomb or corrugated extrusion. This core type 
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is relatively strong and its exact geometry can be tightly controlled for optimization, but it is often heavier 
than other approaches [8]–[14]. Recently, cellular and lattice structures enabled by advanced 
manufacturing techniques have become more common. Lattice cores use significantly less material than 
honeycombs or corrugation, but they are difficult to manufacture and fail abruptly [15]–[17]. This work 
focuses on the third material system: foams. Foams can be extremely light weight, and many demonstrate 
excellent energy absorption properties, which makes them a strong candidate for impact resistance [18]. 
As with the other core systems, most foam cores are composed of aluminum. Aluminum foams 
are easily manufactured, demonstrate good impact resistance, and are relatively light compared to other 
conventional metals [19]–[24]. However, metals are no longer the only feasible material for impact 
resistant foams. Polymers have recently become a key interest for impact resistant foam cores, largely due 
to their low weight. The two most popular polymers for foam cores are polyurethane and polyvinyl 
chloride (PVC). An advantage of these polymer foams is that they can either be coupled with 
reinforcement structures, such as rods and lattices, or they can stand alone [25]–[28]. Polymer foams can 
also be reinforced with additives [29], [30].  
Another class of polymers - Aromatic Thermosetting co-Polyester (ATSP) resins have previously 
been demonstrated to be thermally stable with high glass transition temperature [31,32] and ablative 
character [33] as well as excellent adhesives to aluminum and titanium with a lap shear strength of up to 
15 MPa [34]. Recent work [35,36] has shown that ATSP may produce as rigid hybrid cell (mixed open 
and closed character) foams with self-generated blowing agent. The particular chemistry used in this 
study (CB2AB2) previously demonstrated a compressive strength of 10.52 MPa and modulus of 0.30 
GPa, with a density of 0.63 g/cm3 (relative density of 0.48). 
This work seeks to evaluate the impact resistance of new polymer foam core sandwich structures, 
one made of Aromatic Thermosetting co-Polyester (ATSP) and another made of ATSP reinforced with 
graphene nano-platelets (GNP) and carry out qualitative and quantitative comparison of its properties 
against conventional aluminum foam core sandwich structures. Post processing analysis were performed 
13 
 
using high speed images at various stages of impact, radiography images after impact and images of 
samples taken after impact, so as to qualify and quantify the novel sandwich panels.  
4.3. Materials  
4.3.1. Aromatic Thermosetting co-Polyester (ATSP) foam core sandwich  
Aromatic copolyester oligomers with carboxylic acid (CB2) and acetoxy functional end groups 
(AB2) were synthesized via melt oligomerizations at 270°C as in Frich et al [31,35,36]. Carboxylic acid-
capped CB2 oligomers were produced using an initial monomer feed ratio of 1:3:5:3 trimesic acid : 
isophthalic acid : 4-acetoxybenzoic acid : biphenol diacetate while acetoxy-capped AB2 oligomers were 
produced using an initial feed of 1:1:5:4. CB2 and AB2 oligomers have number-average molecular 
weights of  1760 and 1758 g/mol respectively.  
CB2 and AB2 oligomers were ground such that the powders passed through a 90 μm sieve, 
weighed, and blended at a weight ratio of 1:1. Blended powders were loaded into a square cavity between 
two aluminum plates of dimensions 120x120x2mm and cured at a temperature of 330°C in a previously 
described process. For the case of the neat resin foams, 58 grams was loaded into the 10 cm square and 
1.27 cm deep cavity. The resulting foam had a density of 0.46g/cm3. Samples reinforced with graphene 
nano-platelets (GNPs) were prepared using 25 μm “M-grade” GNP purchased from XG Sciences. These 
samples were similarly loaded with 70 grams of powder with the GNP embodying 3 weight percent and 
then cured. The higher loading mass is due to the typically higher density of the GNP-loaded product 
foam which was found to be 0.55g/cm3. Figure 3 illustrates the side view of the ATSP foam core 
sandwich panel and Figure 4 illustrates the ATSP foam core sandwich panel infused with GNP. 
 





Figure 4: ATSP foam core sandwich panel infused with 3wt% GNP 
 
4.3.2. Aluminum foam core sandwich  
Stochastic closed cell aluminum foam core samples of density 0.60g/cm3 and 0.45g/cm3 were 
obtained from McMaster Carr and machined to 100x100x12.7mm and 25.4mm to prepare the half-inch 
and one-inch-thick foam cores, respectively. These samples were used as the core material between two 
aluminum 6061 plates, each with dimensions of 120x120x2mm. The resulting panel was bonded together 
using Loctite® Epoxy Heavy Duty two-part adhesive, which consists of an epoxy resin and a hardener 
due to its high tensile and compressive shear strengths. The sample was then cured at room temperature 
for 24 hours so as to be fully operational. Figure 5 shows the 0.5in thick aluminum foam core sandwich 
panel. 
 
Figure 5: Half-inch thick aluminum foam core sandwich panel 
 
4.4. Experiments 
The samples were tested at University of Illinois at Urbana Champaign research laboratories 
using a powder gun setup confined within a sound proof chamber. The experimental setup and boundary 





4.4.1. Experimental setup  
The ballistic testing for this study was conducted using a modified .308 rifle barrel. The barrel 
was retrofit with a custom breech loading apparatus to accommodate a broad range of gunpowder charge. 
Commercial rifle and pistol powder was ignited using 0.01in diameter, nickel-chromium (nichrome) wire, 
by shorting a DC current supplied at 50V. 
Bullet velocity was measured using two electrical trip wires separated by a fixed distance. When 
the bullet broke the trip wires, the voltage change was recorded on a PicoScope 3424 digital oscilloscope. 
A Berkeley Nucleonics Corporation, model 565 delay generator was externally triggered from the voltage 
rise of the leading trip wire. The delay generator was used to initiate the flash, and the high speed camera. 
Impacts were imaged using a Vision Research, Phantom v5.2 CMOS camera coupled with a 50mm, f/1.2 
Nikkor lens. They were illuminated with a PowerLight 2500 DR flash lamp. The Phantom camera was 
running at 13,071 frames per second (76.5 µs period) with a 2 µs exposure time. To achieve this speed, 
resolution was set to 400 x 136 pixels. Figure 6 shows the schematic of the experimental setup.  
 
Figure 6: Schematic of the experimental setup 
The foam core sandwich panels were positioned between two custom designed L-clamps which 
were bolted onto an optical table as shown in Figure 7. Figure 7 also shows an image captured by the high 
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speed video, with a 4.82mm thick aluminum plate and a fiducial maker so as to give a better idea about 
the resolution and the field of view.  This setup was designed such that it could accommodate samples of 
any thickness ranging from 2mm to 28mm. This setup formed the boundary conditions with zero 
displacements in all three directions for the problem. As the samples were sandwiched between 2 L-
clamps bolted to each other, they were held tight and essentially constrained in all 3 degrees of translation 
freedom and all 3 rotational degrees of freedom. 
               
Figure 7: L-clamps used to hold the sample and a high speed image with a fiducial marker 
 
4.4.2. Test cases  
As explained in the previous sections, three types of foam core sandwich samples were prepared 
to compare and quantify their impact resistance behavior. High speed images were captured at 13,071 
frames per second to get a better understanding of the projectile and target interaction during impact as 
well as any delamination behavior that would follow. Table 2 enumerates the test cases, sample types and 






Table 2: Test cases of different materials corresponding to respective velocities 
Sample ID Sample Type Foam core 
thickness (in) 
Velocity (m/s) 
S-1 Aluminum foam core 
sandwich 
1 292.9 
S-2 Aluminum foam core 
sandwich 
1 403.3 
S-3 Aluminum foam core 
sandwich 
0.5 554.2 
S-4 ATSP foam core 
sandwich 
0.5 240.0 
S-5 ATSP + GNP foam 
core sandwich 
0.5 271.0 




4.4.2.1. Aluminum foam core sandwich  
Aluminum foam core sandwich panels with foam core thickness ½” and 1” were impacted at 
different velocities as mentioned in Table 2. There was no predefined relation between the amount of gun 
powder used and the velocity imparted to the projectile. This was due to the fact that the amount of gun 
powder that undergoes combustion in a particular shot is unpredictable.  Efforts were made to maintain 
the same test conditions throughout the experimental domain so as to get a better hold on the precision of 
the analysis. Figures 8 through 10 show the high speed images of the three above mentioned samples 
before, during and after impact. These images also depict the damage response of panels, including the 




















Figure 10: High speed time lapse image of test case corresponding to sample S-3, ordered from top left to 
bottom right 
4.4.2.2. ATSP foam core sandwich  
ATSP Foam core sample of half inch thickness was impacted against an aluminum projectile at a 
velocity of 240.0m/s. Figure 11 shows the time lapse images of the impact phenomenon, covering the pre-
contact, impact and post impact stages for this case.  
 








4.4.2.3. ATSP with GNP 
Two ATSP Foam core samples of half inch thickness infiltrated with GNP were impacted against 
aluminum projectiles at velocities mentioned in Table 2. Figures 12 and 13 show the time lapse images of 
the impact phenomenon, covering impact and post impact stages.  
         
Figure 12: High speed time lapse image of test case corresponding to sample S-5 ordered from top left to 
bottom right 
  
   





4.5. Results and discussion  
Radiographic imaging of the six samples was carried out after impact testing. It was observed 
from experiments that samples S-1, S-4 and S-5 were subjected to just penetration and not perforation 
type of damage. However, samples S-2, S-3 and S-6 experienced perforated failure. The penetrating and 
perforating cases are separately analyzed in section 5. This section discusses the qualitative analysis and 
damage characterization of the six samples based on visual inspection from the X-ray images as well as 
the high speed images shown earlier.  
4.5.1. Aluminum foam core sandwich 
After impact high definition images and radiography images of samples S-1, S-2 and S-3 are 
shown below. Samples S-1 through S-3 are separately analyzed to qualify their post impact behavior.  
4.5.1.1. Post impact qualitative analysis of Sample S-1 
As it is apparent from Figure 14, the projectile pierced through the front face of the panel and its 
kinetic energy was completely dissipated into strain and damage of the aluminum foam core. The 
projectile carries very low velocity as it impacts the back face of the sample, causing a bulging effect and 
hence not perforating it. Figure 15 shows the X-ray image of the sample after impact. One can see the 
bullet being stuck in the sample and causing an apparent bulge in the back plate of the panel. This nature 
of damage also saw the delamination of the panel on its back face. This could be accounted to the fact that 
the toughness of the epoxy used between the panels was significantly lesser than the energy dissipated in 
the form of damage. Delamination, being a critical failure phenomenon in sandwich structures and 
composite laminates, proves to be a major factor that could question the impact-worthiness of a target 
designed for impact resistance.    
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Figure 14: Post impact images of sample S-1 
 
 





4.5.1.2. Post impact qualitative analysis of Sample S-2 
Figures 16 and 17, show the damage characteristics of sample S-2 when impacted against at 403.3m/s. 
The projectile had a finite residual velocity and perforated the sample leading to a pure petaling type of 
damage. Partial delamination was observed and the adhesive nature of the rear aluminum plate with the 
foam was compromised. Furthermore, the below figures also depict the top view of the sample that 
experienced petaling failure and the shape of the projectile after impact. One can also ascertain from the 
X-Ray images in Figure 18 that the foam core experienced localized damage even at such high velocities 
and most energy was dissipated in deforming the rear plate.   
 
Figure 16: Post impact side view image of sample S-2 
 
 





Figure 18: Post impact radiography images of sample S-2 
4.5.1.3 Post impact qualitative analysis of Sample S-3 
Sample S-3 experienced a semi petaling-plugging nature of damage when impacted against a 
projectile moving at 554.2m/s.  While the projectile could not be recovered after impact, one could 
observe the partial fragmentation of the projectile and target from the high speed images shown earlier in 
Figure 10. This sample also experienced partial delamination and the adhesive strength was faintly 
compromised. This was due to the fact that the partial loss in kinetic energy of the projectile was 
completely dissipated into strain and damage of the aluminum foam and plates. The epoxy holding the 
panels together absorbed a finite amount of energy that only caused a partial delamination. Figures 19 and 
20 depict the post impact images of sample S-3 and Figure 21 represents the post impact radiography 
images of sample S-3. 
                                     




                 
Figure 20: Post impact top and bottom views of sample S-3 
 
 







4.5.2. ATSP foam core sandwich 
4.5.2.1. Post impact qualitative analysis of Sample S-4 
The pure ATSP foam core sample was impacted by a projectile moving at 240.0m/s. This sample 
proved to perform much superior to the aluminum foam core samples when compared over several 
parameters. The first and foremost criteria where ATSP foam core performed superior to aluminum was 
in adhesion strength. As seen from high speed images in Figure 11, the sample did not experience any 
delamination failure. Post impact qualitative analysis of the foam also revealed that the panels were intact 
and adhesion strength was not affected. Furthermore, the sample exhibited high rigidity, stiffness as well 
as toughness, which aided in containing the projectile causing only penetration and not perforation. The 
projectile got embedded in the sample and caused an insignificant dent on the rear aluminum plate, 
representing a bulging characteristic. One can also observe the extent of penetration of the projectile from 
the X-ray images in Figure 24. This behavior of ATSP foam core sandwich does not only prove to be 
superior to aluminum foam core sandwich in energy absorption, but also redefined the metrics in which 
post impact quantitative analysis between these variants had to be performed. This is explained in the next 
section. Figures 22 and 23 depict the post impact images of sample S-4. 
 
 





Figure 23: Post impact top and bottom views of sample S-4 
 
 
Figure 24: Post impact radiography images of sample S-4 
4.5.3. ATSP foam core sandwich with 3wt% GNP 
4.5.3.1. Post impact qualitative analysis of Sample S-5 
As it is apparent from Figure 12, the projectile approached the target at a velocity of 271.06m/s, 
being inclined at an angle of 16.5 degrees. However, it should be noted that the centroid of the bullet 
travelled horizontally, hence ruling out any possible inferences that the impact was oblique. It was 
concluded that the projectile did not establish a roll stability after it exited the barrel, that caused it to 
wobble as it approached the target at such a high velocity. Being a derivative of the ATSP foam core 
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sample, sample S-5 did prove to have a high adhesion strength that prevented any delamination from 
occurring. The sample also successfully contained the projectile within the foam, hence causing only 
penetration and not perforation.  Hence, it was inferred that the kinetic energy of the projectile traveling at 
a velocity of 271.0m/s was absorbed by the sandwich panel, leaving behind a bulge on the rear plate. 
Figures 25 and 26 depict the post impact images of sample S-5 and Figure 27 represents the post impact 
radiography images of sample S-5. 
 
 
Figure 25: Post impact side view of sample S-5 
 
                 




       
Figure 27: Post impact radiography images of sample S-5 
 
4.5.3.2. Post impact qualitative analysis of Sample S-6 
As one can see in Figure 28, sample S-6 is a perfect example for damage being characterized as a 
combined plugging and petaling behavior. The ATSP sample infiltrated with 3wt% GNP performed fairly 
well when it came to absorbing the kinetic energy of the projectile. A more detailed analysis of the 
quantification is presented in the next section. Here, a complete perforation of the sample was observed. 
The projectile first punched through the front face of the panel, displacing a hemispherical slug due to the 
adiabatic shearing effects along the periphery of the damage region. Furthermore, it pierced through the 
rear plate, causing high tensile deformation resulting in petaling of the sample. Also, the panel remained 
intact after impact, which lead to an inference that there was no delamination due to the high adhesion 
strength of ATSP. Figures 28 and 29 depict the post impact images of sample S-6 and Figure 30 




Figure 28: Post impact side view of sample S-6 
           
Figure 29: Post impact top and bottom views of sample S-6 
 
 
Figure 30: Post impact radiography images of sample S-6 
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4.5.4. Comparative quantification 
Six samples were analyzed for post impact behavior in qualitative as well as quantitative 
approaches. The previous section involved qualitative analysis based on damage characterization from 
after impact images as well as X-ray data. This section involves quantitative analysis of the six samples to 
compare their performance against ballistic impacts. As mentioned in the previous section, three samples 
experienced penetration only damage and three samples experienced perforation damage. 
The comparative quantification of the penetrated and perforated samples was done separately due 
to the unavailability of a common platform for their comparison. The main variables in this impact 
experiments were: density of foam (ρ), Mach number of projectile (M), extent of deformation caused on 
the panel due to penetration (δ), characteristic thickness of the foam core (t = 0.5 or 1 for 0.5in and 1in 
samples respectively) and the inner diameter of the petaling damage caused on the rear plate of the 
samples (φ). Figures 31 and 32 represent plots that depict the quantitative comparison of samples of 
various densities plotted against a deformation parameter that has the units of length. The ideal behavior 
would correspond to a material that relatively has a lower density and yet have a low strain or 
deformation from damage.  
4.5.4.1. Penetration 
The deformation parameter mentioned earlier has the units of length (millimeter). This parameter has 
the deformation and characteristic thickness being normalized by the Mach number so that these samples 
can be compared under one graph inspite of being subjected to impact at different velocities. Samples S-1, 
S-4 and S-5 underwent penetration type of damage. In this case, the deformation value (δ) was considered 
as the total extent deformation of the sample due to penetration, measured from the front face of the 
sample. Measurements were made on the X-ray images obtained after impact. Figure 31 represents the 




Figure 31: Quantification plot for samples S-1, S-4 and S-5 that exhibited penetration damage 
 
As it can be observed from the above plot, sample S-1 had the lowest density of the three samples 
shown with a value of 0.4427g/cm3, followed by sample S-1 of density 0.4491g/cm3 and S-5 with the 
highest density of 0.5343g/cm3. The general notion in mechanics of materials would follow the fact that 
the total deformation due to impact is inversely proportional to the density of the material. The higher the 
material density, the lesser the deformation and vise-versa. Hence, any material that has least density and 
experiences least damage would be plotted closest to the origin and would appear to be the ideal material 
to resist ballistic impacts. This idea is well established by the behavior of samples S-1 and S-5 in the 
above plot. Sample S-5 with the 0.5in thick ATSP+GNP foam core has 19% more density compared to 
sample S-1 with 1in thick aluminum foam core, but experiences 69.6% less deformation than sample S-1. 
However, the sample S-4 with 0.5in thick ATSP foam core has only 1.4% less density than the sample S-
1, but experiences 61.5% less deformation than sample S-1. This also can possibly lead to an inference 
that the densification region from plastic deformation, and hence the toughness of ATSP foam is higher 
than an aluminum foam core of equivalent geometric parameters.  Moreover, sample S-4 has density and 
deformation characteristics that puts it closest to the origin in Figure 31.  Hence, it can be concluded that 
ATSP foam core sandwich is much more effective in ballistic protection than aluminum as well as ATSP 
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+ GNP foam core sandwich under penetrating ballistic impact conditions for applications where 
minimizing density is the number one priority.   However, in applications minimizing deformation is the 
number one priority, one can conclude that ATSP foam core sandwich infused with 3wt% GNP performs 
few orders of a magnitude better than conventional aluminum foam core sandwich and also faintly better 
than ATSP foam core sandwich.  
4.5.4.2. Perforation 
The deformation value (φ) in the deformation parameter for the perforation type of damage was 
considered to be the inner diameter of the petaling damage caused on the rear aluminum plate of the 
sample. This deformation value and characteristic thickness were normalized by the Mach number so that 
these samples can be compared under one graph inspite of being subjected to impact at different 
velocities. Samples S-2, S-3 and S-6 underwent perforation type of damage. Measurements were made on 
the X-ray images obtained after impact. Figure 32 represents the quantification plot for samples S-2, S-3 
and S-6 that exhibited perforation damage.  
 




As it can be observed from the above plot, sample S-2 had the lowest density of the three samples 
shown with a value of 0.4491g/cm3, followed by sample S-6 of density 0.5344g/cm3 and S-3 with the 
highest density of 0.6043g/cm3. As mentioned in the previous section, the general notion follows the fact 
that higher the density of the material, lower is the deformation and vise-versa.  
From Figure 32, it can be observed that the sample S-3 is 34.5% more dense than sample S-2, but 
it experienced 54.8% less deformation as against sample S-2. Similarly, sample S-6 is 19.0% more dense 
than sample S-2, but it experienced 47.8% less deformation when compared to sample S-2. The real 
argument arises when sample S-6 is compared against sample S-3. The 0.5in thick ATSP+GNP foam core 
sandwich is 11.6% less dense than the 0.5in thick aluminum foam core sandwich, but experienced 15.5% 
more deformation than the latter. From observing a decrease in deformation from an almost equivalent 
increase in density, one can infer that the aluminum foam core sandwich was more effective than an 
ATSP+GNP foam core sandwich in high velocity impact cases.  
4.6. Conclusions  
In this work, the authors evaluated the impact resistance of new polymer foam core sandwich 
structures, one made of Aromatic Thermosetting co-Polyester (ATSP) and another made of ATSP 
reinforced with graphene nano-platelets (GNP) and carried out a quantitative comparison of its properties 
against conventional aluminum foam core sandwich structures. Qualitative and quantitative aspects of 
post processing analysis were performed using high speed images at various stages of impact, 
radiography images after impact and images of samples taken after impact. A few conclusions were 
derived from this work: 
a) The ATSP as well as ATSP infused with GNP samples exhibited much superior adhesion properties 
when compared to aluminum foam core sandwich, when subjected to both, low (<300m/s) and high 
velocity (>300m/s) ballistic impacts. The aluminum foam samples experienced delamination while the 
polymer samples were intact.  
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b) ATSP foam core sandwich panel had the lowest density and yet experienced very less deformation 
when subjected to low velocity ballistics (<300m/s). ATSP+GNP performed marginally better than ATSP 
samples, but they had much higher density.  
c) For low velocity ballistics involving penetration (<300m/s), polymer foams exhibited much better 
performance compared to aluminum foams due to their high adhesive strength and toughness. But for 
higher velocities involving perforation (>300m/s), the 0.5in thick aluminum foam core sandwich panels 
performed marginally better than polymer foam core panels.  
d) There was always a dearth of impact resistant materials in non-conductive ballistic applications where 
minimizing density was a priority. This work introduces a novel polymer sandwich structure (non-
conductive) that has much lower density when compared to equivalent aluminum foam and yet have very 
high toughness and impact strength.   
 
4.7. Future scope of work 
As ATSP is quite new to the field of ballistics, this polymer foam core sandwich could be 
fabricated with several different configurations. For example, one could vary the amount of GNP infused 
in ATSP polymer foam so as to analyze its behavior and possibly determine an optimum amount of GNP 
that could maximize the impact strength of the foam. This could possibly be used in applications 
involving high velocity ballistics. Moreover, due to its superior adhesion properties, ATSP could also be 
used as an epoxy between the components of an aluminum foam core sandwich structure. The resulting 
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5.1. Abstract 
Over the last few years, there have been rapid advancements in the development of non-linear finite 
element codes to handle the complexity of ballistics.  Modeling ballistic phenomenon predominantly 
involves developing constitutive equations to study the material behavior when it is subjected to 
extremely high strain rate loading involving drastic thermal and pressure-deviatoric effects. Apart from 
the complexities with material modeling, developing mathematical formulations to accurately describe 
deformation of the mesh is a gray area even today. Lagrangian, CEL, SPH and other formulations have 
been developed that fundamentally defer in their definition of an element/particle, and have their own 
advantages and disadvantages. The Lagrangian method is superior to SPH in applications involving small 
deformation; however, it is much inferior to SPH in application involving large deformation. Although 
SPH can be used to capture large deformations with arguable accuracy, it is only effective for simulating 
localized damages and fails to properly simulate the material behavior in the boundary or far field 
regions. The SPH method also uses computational resources that is orders of magnitude more than that 
required to solve the same problem using Langrangian method. In order to bring about a balance in these 
two methods, this paper introduces a novel approach (Adaptive SPH approach), wherein only those 
elements of Lagrangian mesh that experienced large deformation were adaptively converted to SPH 
particles during the course of the simulation. This resulted in high accuracy of results both in the localized 
region as well as the boundary region of targets for relatively less consumption of computational 
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resources. In this work, aluminum 6061 plate targets were modeled using Lagrangian, SPH and the 
Adaptive SPH formulations and were impacted against aluminum projectiles moving at three different 
velocities ranging from Mach 1 to Mach 3. A comprehensive qualitative and quantitative analysis was 
performed with experimental validation. This lead to a conclusion that the projectile and target damage 
characteristics in the Adaptive SPH model matched the experimental data. Moreover, the three 
formulations were quantitatively compared against experiments over five different predefined damage 
criteria. This comparison also led to a conclusion that the results obtained from the Adaptive SPH model 
closely matched with the experimental results over a wide range of damage parameters, unlike the 
Lagrangian and SPH approaches. 
 
5.2. Introduction 
Response of metals under ballistic impact is extremely imperative for many applications, and it is 
of interest to numerous fields. Hence, researchers studied the response of materials impacted by 
projectiles (mainly bullets and bird strikes in case of aircrafts) using analytical, experimental and/or 
computational approaches. The ballistic impact events are very complex phenomena because of the many 
parameters (e.g. projectile velocity, geometries of projectiles and target, angle of the impact event, 
temperature, high strain rates, and material and geometric nonlinearities) involved. The geometry of the 
projectile significantly determines the energy absorption of the target and target’s failure mode [1, 2]. 
Several failure modes are mentioned in [3]. Another difficulty involved in predicting a ballistic impact 
event is the generation of shock waves which are capable of producing pressures that may exceed the 
strength of the material [4]. Some researchers find the pressure using an equation of state which relates 
the pressure to energy and density. Several equations of state available in literature; examples of them are 
Tillotson and Mie-Gruneisen equations of state [5-7]. Damage may develop prior to penetration due to 
high pressure, and such a damage affects the penetration progress of the impactor. Therefore, 




Early theoretical studies of impact were based on analytical solutions [9]. Some researchers used 
simplified models. Sun et al. [10] suggested the use of a structural constitutive relation with a two noded 
ring element. Their analysis is based on the Mindlin thick plate theory. Ben-Dor et al. [11] compared the 
results obtained using the formula by Recht and Ipson with the Lambert–Jonas correlation. They showed 
that the accuracy of both models is approximately the same. The Recht and Ipson formula is applicable 
for rigid strikers normally penetrating a thin metallic plate while the Lambert–Jonas correlation captures 
the effects of impact angle and plate thickness [8, 11-13]. Both equations were derived from the 
conservation of momentum and energy.  
Current technological advancements in computers allowed researchers to perform finite element 
simulations to capture the ballistic impact events. A reliable numerical prediction should include a 
constitutive model which captures the response of the material under high pressure, high strain rates, and 
damage propagation. To study the impact event, many researchers used a Lagrangian scheme which is a 
standard finite element approach for structural analysis in general [8, 14-19]. When the Lagrangian 
scheme is employed, the nodes are associated to the material with a Lagrangian framework. In other 
word, in Lagrangian approach the nodes follow the material under its deformation and motion, and the 
boundary nodes are always kept on the material boundary [4]. 
The problem with using the Lagrangian approach often appears when large deformation is faced 
which is the usual case in ballistic impact events. In this scenario, large distortions of the elements and 
negative volume elements appear which may yield inaccurate results and divergence of the algorithm [20, 
21]. Inaccurate results are due to the artificial stiffening effect which appears in case of large distortions, 
this phenomenon mainly takes place when the impactor is a soft body as in the case of a bird strike to an 
aircraft [22]. Moreover, the time step dramatically decreases when the elements are significantly 
compressed as the time step is dependent on the smallest element length. In order to resolve the issue of 
large distortion, researchers using different techniques including element erosion or adaptive re-meshing. 
Element erosion technique deletes the element from the calculations once they reach to a certain 
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flattening while adaptive re-meshing technique re-meshes the regions of severe mesh tangling, and each 
technique has its own advantages and disadvantages [4].  
Another numerical technique used for studying impact events is the smoothed particle 
hydrodynamics (SPH) technique. The SPH method is part of the larger family of meshless methods. More 
specifically, SPH is a meshless Lagrangian method in which a collection of particles is defined to 
represent a certain body rather than defining such a body based on nodes and elements [23]. SPH is a 
particle method derived in the context of interpolation theory and smoothing kernel functions in which 
properties at particles are smoothed over a finite region [24]. One main motive for following this 
approach is to overcome the issues which appear with the use of traditional Lagrangian method at large 
deformations. Furthermore, SPH is more computationally effective than the Coupled Lagrangian-Eulerian 
scheme as there is no computational cost needed to track the fragments through a large empty volume as 
in coupled Lagrangian-Eulerian scheme [24]. The SPH scheme employed in Abaqus tracks the particles 
only in artifact region which is usually 10% larger the volume of the body, and outside this region the 
particles fly freely [25]. On the other hand, SPH is found to be less accurate than traditional Lagrangian 
scheme in case of small deformation. Also, particle motions may become unstable in case of tensile stress 
field. Such instability induces artificial voids and fractures [24, 26]. The kernel function is unable to 
maintain the particles apart when they are close to each other. Researchers proposed several stabilizing 
techniques for the same[26].  
This paper utilizes three computational approaches to effectively model ballistic impacts on 
aluminum 6061-T6 plates using ABAQUS Explicit 6.14. The numerical analyses setups are discussed, 
and the results of the three approaches are compared qualitatively and quantitatively based on several 
criteria delineated in the further sections. Moreover, the three computational approaches are compared 
with the experimental results obtained from tests performed as so to validate the finite element models. 
Finally, this work concludes as to which modeling approach would yield most accurate results in regard 
to damage characteristics as well as damage quantification. 
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5.3. Material and section properties 
Aluminum 6061 T-6 was used as the base material for both projectile and the target. The finite 
element model was created on ABAQUS Explicit 6.14, where both the target and the projectile were 
defined as 3D solids with homogenous isotropic properties. A thickness of 4.82mm was imparted to the 
plates that had planar dimensions of 120x120mm. Projectiles were machined to have a diameter of 
7.63mm and a length of 25.4mm with a hemispherical nose shape configuration. These components were 
meshed using C3D8R (3D stress, reduced order) hexahedral elements with element deletion activated 
based on material definitions. Furthermore, the material properties of aluminum were defined using 
elastic, plastic as well as damage constitutive equations, referenced to [27] and tabulated in Tables 3, 4. 
Young’s modulus of aluminum was considered to be 69GPa with a Poisson’s ratio of 0.3. Johnson-Cook 
plasticity and damage parameters were imparted to the model, including a displacement dominated 
damage evolution criteria. The Johnson-Cook (J-C) phenomenological constitutive model [28] considers 
the effects of strain hardening, strain-rate (viscosity) and thermal softening effects. It is generally 
represented by equation (1).  
   (1) 
where,  is the static yield stress, is the transition temperature at or below which there is no 
temperature dependence on yield stress, A, B, m and n are material parameters measured below the 
transition temperature, T is the room temperature, is the melting temperature, is the equivalent 
plastic strain, is the equivalent plastic strain rate,  is the reference strain rate and C is a material 
parameters, both of which are measured below the transition temperature. 
In order to properly model the damage and fracture initiation phenomenon post contact, Johnson 
and Cook developed a special case of ductile damage criterion [29][25], based on  the fracture strain 
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model proposed by Hancock and Mackenzie [30], where the equivalent plastic strain on the onset of 
damage  is given as, 
       (2) 
where  are failure parameters measured at or below the transition temperature, p/q  is a 
dimensionless pressure-deviatoric stress ratio, also known as stress triaxiality (p is the pressure stress and 
q is the Mises stress) and  is a non-dimensional plastic strain rate.  
A damage evolution parameter formulated by Johnson and Cook [29] was specified, which 
assumes that characterization of damage is done by progressive degradation of material stiffness that 
leads to material failure [25]. An evolution equation (3) defines the effective plastic displacement once 
the damage initiation criterion is reached. In this work, the evolution of damage variable with relative 
plastic displacement follows a linear form and the effective plastic displacement at failure  is defined 
as: 
    (3) 
where, L is the characteristic length of the element. 
 
Table 3: Johnson-Cook plasticity relation parameters 
A (MPa) B (MPa) n m Tm (K) Tr (K) 





Table 4: Johnson-Cook damage initiation and propagation parameters 
d1 d2 d3 d4 d5   (mm) 
-0.77 1.45 0.47 0 1.6 1 1.4 
 
5.4. Computational analysis 
In this work, three different computational approaches have been adopted to model ballistic 
impacts and a comparative quantification of various post-impact parameters has been performed. Results 
of computational analyses are verified and validated using experimental analysis for the characterization 
of damage response.  
The target was modeled using three different formulations: Lagrangian, SPH and Adaptive SPH, 
each of which are explained below. However, in all these cases, the projectile was modeled as a 
Lagrangian system so that it would be much simpler to compare its non-linear geometric behaviors to 
experiments. This is because, as long as the projectile is Lagrangian, it would have a definite shape 
irrespective of the extent of damage it undergoes during impact phenomena.   
The projectile was accelerated to three different velocities in order to study the material behavior 
for penetrating and non-penetrating impacts as well as the formulation accuracy for the three approaches: 
481.3m/s, 752.3m/s and 1036.3m/s.  General contact interaction formulation was used, with penalty 
algorithm and “hard contact” as its tangential and normal interaction properties respectively. As shown in 
Figure 33, the target was encastred along its lateral faces and a velocity was imparted to the projectile 





Figure 33: Boundary conditions imposed on the target and the instancing of the components 
 
5.4.1. Lagrangian formulation 
The projectile was positioned close to the target as shown in Figure 33, thus reducing 
computational time required for motion until contact. Target and the projectile were meshed using 
partition tools and structured meshing in ABAQUS and the mesh details are given in Table 5.  
Table 5: Mesh details of target and the projectile 
Parts Number of Elements Number of Nodes 
Target 72,000 87,846 





5.4.2. Smoothed Particle Hydrodynamics (SPH) formulation: 
In the SPH formulation, the elements of target mesh were converted to particles in the initial time 
step (at time =0 seconds), whereas the projectile was made to retain its Lagrangian mesh form. This was 
particularly helpful in comparing the characteristics of damage in both the target and projectile against 
empirical methods, with significant accuracy. Moreover, each hexahedral element was converted to 3 
SPH particles per direction, which resulted in 27 particles per solid element. This resulted in the 
conversion of 72,000 solid elements to 1,944,000 SPH particles before the beginning of the impact step.  
5.4.3. Adaptive Smoothed Particle Hydrodynamics formulation: 
The third computational approach, which is the highlight of this paper, is the Adaptive SPH 
formulation approach. In this novel and unconventional methodology, the elements of target’s Lagrangian 
mesh were converted to SPH particles when their strain reached a state of “large deformation”. “Large 
deformation” was defined as the strain corresponding to ultimate tensile stress. For Aluminum 6061-T6, 
that value is 0.05296 in/in [31]. The ideology of formulating the Adaptive SPH approach was to ensure 
that accuracy of the solution was preserved around the critical regions where excessive plastic 
deformation occurred and yet utilize lesser computational resources as compared to the SPH formulation. 
5.5. Experimental analysis with numerical correlation 
 
The aluminum plates were impacted against aluminum projectiles shot from a powder gun setup 
at University of Illinois at Urbana Champaign research laboratories. This setup included an optical table 
as well as a high speed camera and was confined within a sound proof chamber. The resulting targets post 
impact were radiographically imaged so as to quantify the damage characteristics based on a few 
parameters discussed later. The following section describes the setup and boundary conditions used for 




5.5.1. Experimental setup 
A modified 0.308 rifle barrel was used for ballistic testing in this study. The barrel had a custom 
breech loading apparatus to accommodate a broad range of commercial grade gunpowder to accelerate 
projectiles to required velocities. A delay generator was used to initiate the flash and a high speed camera 
was used to capture the impact phenomenon. The camera was configured to run at 13,071 frames per 
second and had an exposure time of 2 µs. To achieve the same, the resolution was set to 400x136 pixels.  
The projectiles were made of aluminum 6061-T6 and measured 7.63mm along the diameter and 25.4 mm 
along its length. Moreover, the targets were also made of aluminum 6061-T6 and measured 4.82mm 
thick, with the planar dimensions being 120x120mm. These plates were constrained between 2 L-clamps 
as shown in the Figure 34. These jigs were custom designed to hold any sample with thickness varying 
from 2mm to 28mm and were bolted to an optical table. . Figure 34 also shows an image captured by the 
high speed video, with a 4.82mm thick aluminum plate and a fiducial maker so as to give a better idea 
about the resolution and the field of view.  
While it can be argued that this boundary condition is not exactly the same as encastring the 4 
lateral surfaces of the aluminum sample, the authors have taken measures to ensure that the experimental 
boundary condition is equivalent to those used in computations. This was due to the fact that when 
positioned in the jig shown in the below figure, the sample was constrained in all 4 lateral directions and 
could not be displaced even under the influence of an external force, hence simulating the encastre 
boundary condition.  
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Figure 34: L-clamps used to hold the test sample and a high speed image with a fiducial marker 
5.5.2. Test cases  
 
The projectiles were accelerated to three different velocities based on the extent of damage 
imparted to the aluminum plate target. All the three cases involved the target reaching a state of large 
deformation and a possible penetration. In the first case, the projectile was accelerated to 481.3m/s which 
was just below the ballistic limit of the target. In the second case, the projectile was accelerated to 
752.3m/s and the third case involved the bullet being accelerated to 1036.3m/s. The three experimental 
test cases have been summarized in Table 6. 
Table 6: Experimental test cases 






Figures 35 through 37 depict the high speed time lapse images and the corresponding 
computational models captured just before impact, during the impact phenomenon as well as an instance 
right after impact for the three velocity cases. Computational analyses were carried out in the University 
of Illinois, on standalone systems at Beckman Institute as well as the XSEDE cluster-computing facility 
with 24 processors being used for each analysis cases. 
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Figure 35 refers to the sample P-1 where the impact velocity was 481.3m/s. The first row of 
images corresponds to the high speed data captured from experiments, the second row corresponds to 
simulations carried out using Lagrangian approach, the third row corresponds to simulations carried out 
using pure SPH approach and finally the last row corresponds to the case where Adaptive SPH modeling 
was used. The same order of images is maintained for Figures 36 and 37 corresponding to samples P-2 
and P-3. Furthermore, the SPH and Adaptive SPH formulations of sample P-1 were solved to get just 
sufficient data for post processing. Hence in this case, the required images of the projectile behavior long 
after impact could not be captured well enough to compare them against experiments. This was due to the 
complexity of the problem and the insufficiency of computational resources. However, more than 



















     
Figure 35: High speed images of sample P-1 and corresponding computational models for 3 different 
formulations 






















    











5.6. Results and discussion 
A comprehensive qualitative and quantitative comparison has been carried out in the sections 
below. The damage characterization of the target and the projectile have been carried out separately and 
the section winds up with a quantitative analysis of the three computational methods as compared against 
experimental data, for certain specified parameters explained later.   
One phenomenon that wasn’t apparent from Figures 35, 36 and 37 was that the plate experienced 
a wobbly motion as seen in the high speed videos, right from the moment of contact till an equilibrium 
state was reached.  This was due to the stress wave impulse propagated to the plate boundary from the 
point of contact. This behavior was not observed in Lagrangian and Adaptive SPH cases, because the 
boundary surfaces (and hence nodes of the FE model) were encastred. However, as the SPH case was 
purely a mesh-free method, the imposed boundary condition did not have the intended effect on the free 
particles at the initial time step. However, in the scope of the current work that focuses on localized 
damage, this wobbling effect can be neglected.  
Also, referring to the top view images of the 3 computational cases shown in Figures 39, 41 and 
43, it is interesting to note that stress waves propagate in different directions in different samples, and 
further in different formulations of a single sample. This has been tabulated in the respective sections.   
5.6.1. Damage characteristics of target 
5.6.1.1. Damage characteristics of Sample P-1 
Sample P-1 was impacted with a projectile moving at 481.3m/s. As this velocity was less than the 
ballistic limit of 4.82mm thick aluminum 6061 plate, only a bulging behavior of the plate was observed. 
In addition to the bulging behavior over the length of the plate, sample P-1 also experienced a localized 
damage at the cusp, which was captured by the Adaptive SPH formulation as well as the Lagrangian 
formulation with significant accuracy. However, the pure SPH model exhibited a much higher 
deformation which was unrealistic. The thickness of the plate at the center of the resulting region was of 
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main interest for quantitative analysis explained in a later section. Figure 38 shows the side views of post-
impact images as well as the numerical correlation of sample P-1. Table 7 also summarizes the direction 
of stress wave propagation on the plate, from the point of impact to the plate boundary. As depicted by 
the top view images in Figure 39, stress waves propagated in the same direction in all the 3 formulations 
in this case.  
 
Figure 38: Side views of sample P-1 after impact for experimental, Lagrangian, Adaptive SPH and SPH 
cases when viewed in clockwise direction 
  
 
Table 7: Direction of stress wave propagation for sample P-1 
Formulation Direction of stress wave 
propagation (θ, degrees) 
Lagrangian 0, 90, 180, 270 
SPH 0, 90, 180, 270 







Figure 39: Top views of sample P-1 after impact for experimental, Lagrangian, Adaptive SPH and SPH 
cases when viewed in clockwise direction 
 
5.6.1.2. Damage characteristics of Sample P-2 
Sample P-2 was impacted against a projectile moving at 752.3m/s. This velocity, being higher 
than the ballistic limit of the plate, caused petaling failure due to the high circumferential and radial 
tensile stresses acting on it.   Figure 40 shows the side views of post-impact images as well as the 
numerical correlation of sample P-2. It can be inferred from this figure that the Adaptive SPH and 
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Lagrangian formulations simulated the localized damage as well as boundary effects with reasonable 
accuracy. The pure SPH model experienced higher strains around the boundary region, cause it to wobble. 
Table 8 also summarizes the direction of stress wave propagation on the plate, from the point of impact to 
the plate boundary. As depicted by the top view images in Figure 41, stress waves propagated in a 
different direction in the Lagrangian case, as compared against the SPH and Adaptive SPH cases. 
 
 
Figure 40: Side views of sample P-2 after impact for experimental, Lagrangian, Adaptive SPH and SPH 




Table 8: Direction of stress wave propagation for sample P-2 
Formulation Direction of stress wave 
propagation (θ, degrees) 
Lagrangian 0, 90, 180, 270 
SPH 0, 90, 180, 270 











Figure 41: Top views of sample P-2 after impact for experimental, Lagrangian, Adaptive SPH and SPH 
cases when viewed in clockwise direction 
 
5.6.1.3. Damage characteristics of Sample P-3 
Sample P-3 was impact against a projectile moving at 1036.3m/s. This velocity again partially 
caused a petaling type of failure on the plate, but this time with lesser deformation of the plate due to the 
petaling itself. This was because at such high velocities, adiabatic shearing of the sample around the 
periphery of the impact region happens due to the high temperatures reached. Such a shearing failure 
would lead to plugging type of damage where a cylindrical or hemispherical slug equal to the diameter of 
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the projectile (which was a part of the plate before impact) would be displaced along with the projectile. 
Hence, sample P-3 experienced a partial petaling and partial plugging type of damage.   Figures 42 show 
the side views of post-impact images as well as the numerical correlation of sample P-3. Here, one can 
see the displaced slug in the experimental post-impact image. Plugging deformation could not be 
simulated well on the computational models. The Lagrangian model experienced very high radial tensile 
deformation causing it to fail only due to petaling. In the SPH and Adaptive SPH models, the impact 
region was converted to particles based on initial conditions, due to which spallation of material was 
observed and not plugging.  Furthermore, wobbling of the plate was observed for only the pure SPH case 
for reasons mentioned earlier.  Table 9 also summarizes the direction of stress wave propagation on the 
plate, from the point of impact to the plate boundary. As depicted by the top view images in Figure 43, 
stress waves propagated in a different direction in the Adaptive SPH case, as compared against the SPH 
and Lagrangian cases. 
  
 
Figure 42: Side views of sample P-3 after impact for experimental, Lagrangian, Adaptive SPH and SPH 
cases when viewed in clockwise direction 
 
 
Table 9: Direction of stress wave propagation for sample P-3 
Formulation Direction of stress wave 
propagation (θ, degrees) 
Lagrangian 0, 90, 180, 270 
SPH 0, 90, 180, 270 





Figure 43: Top views of sample P-3 after impact for experimental, Lagrangian, Adaptive SPH and SPH 








5.6.2. Damage characteristics of projectile 
The previous sections discussed the damage characteristics and qualitative comparison of the 
aluminum target for the 3 cases. This section involves qualitative comparison of the aluminum projectile 
after impact. Figures 44, 45, 46 show the comparison of the projectile shape for the three computational 
models as against experimental results.  
5.6.2.1. Damage characteristics of projectile corresponding to Sample P-1 
As it can be observed in Figure 44, the shape of the projectile obtained after experimental impact 
was closely matched by the adaptive SPH case only. When viewed from bottom to top, the projectiles 
both in experimental and Adaptive SPH case, first had a fairly undeformed shank, which was then 
followed by a gradual increase in diameter of the shank due to axial compression. Further, both these 
cases saw an abrupt fairing where the material experienced a significant radial tensile deformation 
followed by a near about hemispherical head. Such a behavior was not showcased in the Lagrangian and 
the SPH models.  
 
Figure 44: Projectile shape after impact corresponding to sample P-1. (1) Experimental (2) Lagrangian  





5.6.2.2. Damage characteristics of projectile corresponding to Sample P-2 
Figure 45 depicts the shape of the projectile corresponding to sample P-2. As this sample was 
impacted at a large enough velocity to cause petaling,  the high temperatures caused the target material to 
melt and deposit on the projectile as it exited the sample. This nature is apparent from the below images 
where one could see a significant increase in the diameter of the projectile, coupled with large 
deformation near the head causing the metal to “flow” over and deposit on itself.  While none of the 
computationally obtained projectiles correlate with the experimental behavior, all of them showcase this 
material “flow” phenomenon mentioned previously. Although debatable, once can say that the projectile 
corresponding to the SPH case faintly matches the experimental behavior for this case.  
 
Figure 45: Projectile shape after impact corresponding to sample P-2. (1) Experimental (2) Lagrangian  
(3) SPH (4) Adaptive SPH       
 
5.6.2.3. Damage characteristics of projectile corresponding to Sample P-3 
As mentioned in the previous section, sample S-3 also experiences a high temperature during 
impact, causing the metal to melt and “flow” over the projectile. The length of the projectile was 
significantly reduced in this case and there was a significant increase in the head diameter. Again, while 
none of the projectile shapes obtained from computational models exactly match with experimental data, 
the adaptive SPH case experiences the closest damage behavior to experiments, where there is a 
significant increase in the head diameter. As mentioned earlier, the plugging type of damage could not be 
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simulated well with any of the three computational models. Figure 46 depicts the shape of the projectile 
corresponding to sample P-3. 
 
 
Figure 46: Projectile shape after impact corresponding to sample P-3. (1) Experimental (2) Lagrangian  
(3) SPH (4) Adaptive SPH 
 
5.6.3. Deformation quantification 
Having discussed the qualitative aspects of damage and having characterized the damage based 
on different failure criteria, it is of utmost importance to quantify the three computational models and 
compare them against experimental data. The objective of this work was to identify which of the three 
models was most effective in terms of accuracy of damage behavior and characteristics as well as 
quantify a few crucial criteria that define the extent of damage in both the target and the projectile. These 
criteria are listed below: 
1) Thickness of the plate at the cusp for sample P-1 after impact 
2) Total deformation of the tip of the petal/cusp measured from the front faces 
3) Diameter of the damage region/inner diameter of the petal 
4) Diameter of the projectile head after impact 
5) Length of the projectile after impacts 
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The above mentioned list comprehensively covers all criteria that govern the primary damage 
characteristics of both the projectile and bullet. Tables 10 through 14 enumerate the measurements carried 
out to quantify these data and also show the percentage deviation of the computational results from 
experimental results.  
 







Numerical results (mm) Percentage deviation (%) from 
experimental results 
Langrange SPH Adaptive 
SPH 
Langrange SPH Adaptive 
SPH 
481.3 4.14 3.34 3.49 4.10 19.3 15.7 0.9 
 
 






Numerical results (mm) Percentage deviation (%) from 
experimental results 
Langrange SPH Adaptive 
SPH 
Langrange SPH Adaptive 
SPH 
481.3 12.9 10.16 14.71 11.51 21.2 14.3 10.7 
752.3 12.2 15.71 11.22 12.68 28.7 8.0 3.9 
1036.3 12.00 13.40 10.84 9.56 11.6 9.6 20.3 
 
 






Numerical results (mm) Percentage deviation (%) from 
experimental results 
Langrange SPH Adaptive 
SPH 
Langrange SPH Adaptive 
SPH 
481.3 9.00 7.48 10.03 11.34 16.8 11.4 26.0 
752.3 10.90 7.70 10.18 11.41 29.3 6.6 4.6 













Numerical results (mm) Percentage deviation (%) from 
experimental results 
Langrange SPH Adaptive 
SPH 
Langrange SPH Adaptive 
SPH 
481.3 14.4 11.91 10.74 13.07 17.2 25.4 9.2 
752.3 10.8 14.3 11.7 13.5 32.4 8.3 25.0 
1036.3 12.5 12.5 13.4 14.65 0.0 7.2 17.2 
 






Numerical results (mm) Percentage deviation (%) from 
experimental results 
Langrange SPH Adaptive 
SPH 
Langrange SPH Adaptive 
SPH 
481.3 17 18.97 19.64 19.05 11.5 15.5 12.0 
752.3 21.5 16.72 19.4 18.43 22.2 9.7 14.2 
1036.3 19.3 19.4 19.35 17.53 0.5 0.2 9.1 
 
 
The numerical model with the lowest deviation from experimental results is highlighted in each 
case. Out of the total 13 cases analyzed one could observe that the accuracy of results from the Adaptive 
SPH model dominated 5 out of the 7 cases corresponding the target behavior, while the pure SPH model 
dominated 3 out of the 6 cases corresponding to the projectile behavior after impact. However, as the 
validation of the target behavior (which is modeled using 3 different computational techniques) is the 
primary concern in this work, once can conclude that the Adaptive SPH model very closely simulated the 
experimental behavior of the ballistic problem proposed here. Moreover, this conclusion was also 
supported by the fact that the qualitative analysis of the Adaptive SPH models showcased striking 
resemblance to the experiments, and also due to the fact that the Adaptive SPH modeling technique 
dominated the Lagrangian and SPH model in 6 out of the 13 cases that were quantitatively analyzed for 5 







This paper utilizes three computational approaches to effectively model ballistic impacts on 
aluminum 6061-T6 plates using ABAQUS Explicit 6.14. The first approach is the Lagrangian approach 
that is most commonly used for finite element analyses of structures; the second approach is the smoothed 
particle hydrodynamics (SPH) approach, which is generally used for structural applications involving 
large deformation and also for fluid applications; and finally the Adaptive SPH approach, where the 
Lagrangian mesh is adaptively converted to SPH particles in regions where the plastic strain exceeds the 
limit for “large deformation” which corresponds to a strain value of 5.296%. Furthermore, the damage 
characteristics and deformation values for certain criteria were discussed and compared to experimental 
results. Finally, this work concluded as to which modeling approach would yield most accurate results in 
regard to damage characteristics as well as damage quantification. The following major conclusions were 
drawn from this work: 
5.7.1. Qualitative analysis: 
a) Stress waves propagated in different directions in different samples, and further in different 
formulations of a single sample.  
b) For sample P-1, the Adaptive SPH model simulated a localized deformation at the cusp, that could be 
better correlated to experimental results than the SPH and Lagriangian models.   
c) Deformation characteristics and shapes of projectiles obtained from the Adaptive SPH model matched 
the experimental results with significant accuracy for most of the test cases, unlike those obtained from 
the SPH and Lagrangian models.  
d) It was observed that the Adaptive SPH model utilized much lesser computational resources during post 
processing due to fact that only a fraction of the model was converted to SPH particles, that consumes 
tremendous computational power. Nevertheless, the results obtained using this approach were proved to 
be much better than the Lagrangian and SPH methods.  
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5.7.2. Quantitative analysis: 
a) The deformation values obtained from Adaptive SPH closely matched the experimental results 
corresponding to the target behavior, while those obtained from the pure SPH model closely matched the 
experimental results for projectile behavior after impact.  
b) Adaptive SPH modeling technique dominated the Lagrangian and SPH model in 6 of the 13 cases that 
were quantitatively analyzed for 5 different deformation criteria in this ballistic problem, hence leading to 
the conclusion that this approach is most efficient for modelling ballistic impact problem numerically.  
 
5.8. Future scope of work 
Modeling ballistic response of foam core sandwich structures has always posed a major challenge 
concerning large deformation. Attempts to develop constitutive equations that govern the behavior of 
crushable metallic and polymer foams have been a popular area of interest. In order to accurately simulate 
the porosity as well as toughness characteristics of foams, one could utilize the Adaptive SPH method 
discussed in this paper. Moreover, this paper provides a good groundwork for analyzing highly irregular 
geometries that cannot be meshed effectively. 
 
5.9. Acknowledgements 
The authors are thankful to Dr. John Popovics and his team at the University of Illinois, for their 
support in radiography imaging of samples after impact. Assistance from Cliff Gulyash and his team at 








[1]  Børvik T, Langseth M, Hopperstad O, Malo K. Perforation of 12mm thick steel plates by 20mm 
diameter projectiles with flat, hemispherical and conical noses: part I: experimental study. International 
Journal of Impact Engineering. 2002;27:19-35. 
[2] Gupta N, Iqbal M, Sekhon G. Effect of projectile nose shape, impact velocity and target thickness on 
deformation behavior of aluminum plates. International Journal of Solids and Structures. 2007;44:3411-
39. 
[3] Hatzenbichler T, Buchmayr B. Fem study on the penetration of projectiles into steel sheets. 
International Journal of Material Forming. 2009;2:789-92. 
[4] Heimbs S. Computational methods for bird strike simulations: A review. Computers & Structures. 
2011;89:2093-112. 
[5] Zukas J. High velocity impact dynamics. 1990. John Wiley&Sons, New York. 
[6] Tillotson JH. Metallic equations of state for hypervelocity impact. DTIC Document; 1962. 
[7] Liu M, Liu G, Lam K. Adaptive smoothed particle hydrodynamics for high strain hydrodynamics with 
material strength. Shock Waves. 2006;15:21-9. 
[8] Sevkat E, Liaw B, Delale F, Raju BB. A combined experimental and numerical approach to study 
ballistic impact response of S2-glass fiber/toughened epoxy composite beams. Composites Science and 
Technology. 2009;69:965-82. 
[9] Cornell R. Elementary three-dimensional interactive rotor blade impact analysis. Journal of 
Engineering for Power. 1976;98:480-6. 
[10] Sun CT, Potti SV. A simple model to predict residual velocities of thick composite laminates 
subjected to high velocity impact. International Journal of Impact Engineering. 1996;18:339-53. 
[11] Ben-Dor G, Dubinsky A, Elperin T. On the Lambert–Jonas approximation for ballistic impact. 
Mechanics Research Communications. 2002;29:137-9. 
[12] Lambert J, Jonas G. Towards standardization of in-terminal ballistic testing: velocity representation. 
Ballistic Research Laboratory, Aberdeen, MD. 1976. 
71 
 
[13] Recht RF, Ipson TW. Ballistic Perforation Dynamics. Journal of Applied Mechanics. 1963;30:384-
90. 
[14] He T, Wen H, Qin Y. Finite element analysis to predict penetration and perforation of thick FRP 
laminates struck by projectiles. International Journal of Impact Engineering. 2008;35:27-36. 
[15] Lim C, Shim V, Ng Y. Finite-element modeling of the ballistic impact of fabric armor. International 
Journal of Impact Engineering. 2003;28:13-31. 
[16] Camacho G, Ortiz M. Adaptive Lagrangian modelling of ballistic penetration of metallic targets. 
Computer methods in applied mechanics and engineering. 1997;142:269-301. 
[17] Camacho GT, Ortiz M. Computational modelling of impact damage in brittle materials. International 
Journal of solids and structures. 1996;33:2899-938. 
[18] Kurtaran H, Buyuk M, Eskandarian A. Ballistic impact simulation of GT model vehicle door using 
finite element method. Theoretical and Applied Fracture Mechanics. 2003;40:113-21. 
[19] Phadnis VA, Pandya KS, Naik NK, Roy A, Silberschmidt VV. Ballistic damage in hybrid composite 
laminates.  Journal of Physics: Conference Series: IOP Publishing; 2015. p. 012092. 
[20] Guida M, Marulo F, Meo M, Riccio M, Russo S. Evaluation and validation of multi-physics FE 
methods to simulate bird strike on a wing leading edge.  Proceedings of ECCM2008. 
[21] Cheng J, Binienda WK. Simulation of soft projectiles impacting composite targets using an arbitrary 
Lagrangian-Eulerian Formulation. Journal of aircraft. 2006;43:1726-31. 
[22] Jenq S-T, Hsiao F-B, Lin I, Zimcik D, Ensan MN. Simulation of a rigid plate hit by a cylindrical 
hemi-spherical tip-ended soft impactor. Computational materials science. 2007;39:518-26. 
[23] Lee M, Cho YJ. Characterization of the ballistic limit curve for hypervelocity impact of sphere onto 
single plate. Journal of mechanical science and technology. 2011;25:2457-63. 
[24] Nordendale NA, Heard WF, Sherburn JA, Basu PK. A comparison of finite element analysis to 
smooth particle hydrodynamics for application to projectile impact on cementitious material. 
Computational Particle Mechanics. 2016;3:53-68. 
[25] Abaqus. Abaqus 6.14 documentation. Dassault Systèmes. 2016. 
72 
 
[26] Mehra V, Sijoy C, Mishra V, Chaturvedi S. Tensile instability and artificial stresses in impact 
problems in SPH.  Journal of Physics: Conference Series: IOP Publishing; 2012. p. 012102. 
[27] Simulation of ballistic perforation of aluminum plates with Abaqus/Explicit, Abaqus Technology 
Brief, SIMULIA, Dassault Systemes, 2012.  
[28] Johnson GR, Cook WH. A constitutive model and data for metals subjected to large strains, high 
strain rates and high temperatures. In: Proc. 7th Int. Symp. On Ballistics, Hague, Netherlands, April 1983; 
541– 547. 
[29] G.R. Johnson, W.H. Cook, Fracture characteristics of three metals subjected to various 
strains, strain rates, temperatures and pressures, Eng. Fract. Mech., 21, 31-48, 1985 
[30] J.W. Hancock, A.C. Mackenzie, On the mechanisms of ductile failure in high strength steels 
subjected to multi-axial stress-states, J. Mech. Phys. Solids, 24, 147-169, 1976 
[31] J. S. Weaver, A. Khosravani, A. Castillo, and S. R. Kalidind, “Tensile and Microindentation Stress-
Strain Curves of Al-6061,” Technical Report, 2016 
 
